Several mutants of Schizosaccharomyces pombe were obtained that are defective in protein glycosylation. One of the mutants, strain Sp550, makes galactomannoproteins with about half of the wild-type amount of galactose, whereas another strain, Sp137, makes glycoproteins that are almost devoid of galactose. Nondenaturing gel electrophoresis of cell extracts of both mutants revealed that they make invertases with a greatly increased mobility relative to the wild type. Additional study showed that Spl37 invertase has a subunit molecular mass that is about half that reported for the wild-type enzyme, owing to a reduction in carbohydrate content, whereas the native multimeric state appears unaltered. Structural studies on bulk cell-wall glycoprotein from Sp137 showed that the N-linked carbohydrate chains consist ofa typical branched core oligosaccharide to which is attached an unsubstituted a1-6-polymannose outer chain. Consequently, the cells are agglutinated by antibodies against al-6-linked mannose and have N-linked carbohydrate chains that are structurally analogous to the mnn2 mutant of Saccharomyces cerevisiae.
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Study of mutants of the yeast Saccharomyces cerevisiae with defects in protein glycosylation has contributed importantly to elucidation of the glycoprotein carbohydrate structures and the pathways for their biosynthesis (1) (2) (3) . We have concentrated on nonconditional mutants in which the defects are expressed constitutively, thereby allowing isolation of the altered glycoprotein carbohydrate components in amounts sufficient for characterization by chemical, physical, and enzymic methods (4) , while others have isolated conditional mutants and identified glycosylation defects that are lethal (2) .
A growing interest in Schizosaccharomyces pombe (5, 6) as an experimental alternative to Sac. cerevisiae has stimulated recent work on the carbohydrate structure of this yeast (7, 8) . Whereas Sac. cerevisiae glycoproteins (called mannoproteins) are composed mainly of D-mannose, Sch. pombe glycoproteins contain large amounts of D-galactose in addition to D-mannose (9) and have been called galactomannoproteins (10) . These galactomannoproteins contain 0-linked carbohydrate that is released by alkaline (3-elimination and N-linked oligo-and polysaccharide chains that are released by digestion with endo-,B-N-acetylglucosaminidase H (endo H; EC 3.2.1.96). In the 0-linked carbohydrate chains, the galactose is al-*2-linked to mannose, which is linked glycosidically to serine and threonine in the protein, whereas in the N-linked chains galactose is attached by an al-c2-linkage at the ends of mannose sidechains in the core and on the a1->6-linked mannose units of the outer chain backbone (8) . The outer chain also contains some a1->2-linked mannose sidechains, and we have described a mutant (Sp331) that fails to add such mannose units (8) .
Sac. cerevisiae cells bind alcian blue dye and stick to QAESephadex beads, owing to the presence of diesterified phosphate in the wall mannoprotein, and some mutants that lack these properties show defects in protein glycosylation (4) . Because Sch. pombe cells also bind alcian blue, we have screened for glycosylation mutants among cells that fail to adhere to QAE-Sephadex after mutagenesis with ethyl methanesulfonate. Here, we describe two such strains that are defective in adding galactose to the galactomannoprotein. One strain, Sp550, has about half of the wild-type amount of galactose in its glycoproteins, whereas another strain, Sp137, is almost devoid of galactose. Both mutations lead to synthesis of invertase with a high electrophoretic mobility, indicative of underglycosylation. These new mutants are designatedgmn for being galactomannan defective, in analogy to the mnn (mannan defective) mutants that affect mannan synthesis in Sac. cerevisiae (4) .
MATERIALS AND METHODS
Materials and General Methods. The yeast cultures and procedures for their growth and maintenance, as well as the methods for glycoprotein isolation, endo H digestion, acid hydrolysis, acetolysis, reductive 13-elimination, alcian blue dye binding, agglutination by Bandeiraea simplicifolia lectin (Bslectin), and high performance anion exchange chromatography (HPAEC) have been described (8) . HPAEC was done isocratically to separate monosaccharides (solvent A, 15 mM NaOH), products of reductive }3-elimination (solvent B, 25 mM NaOH), and products of acetolysis (solvent C, 25 mM sodium acetate in 100 mM NaOH); whereas the small endo H-released oligosaccharides were separated by a gradient (solvent D, 25 mM sodium acetate in 100 mM NaOH for 5 min, followed by a gradient over 30 min of 25-100 mM sodium acetate in 100 mM NaOH, and then 100 mM sodium acetate in 100 mM NaOH for 5 min). Sizing of invertase was done by HPLC gel filtration on a DuPont model GF-450 column (0.94 x 25 cm) (11) calibrated with catalase (Mr = 232,000), ferritin (Mr = 440,000), and thyroglobulin (Mr = 669,000). Antiserum against al-*.6-polymannose chains was from earlier work (4) .
Isolation of Galactose-Deficient Sch. pombe Mutants. Mutagenesis with ethyl methanesulfonate followed a published procedure (12) , and the mutagen-treated culture was divided into several portions before the cells were grown up to allow expression of mutant phenotypes. Enrichment of each sample for cells that had a reduced surface charge was done with QAE-Sephadex beads (Pharmacia) as described (4 by the use of an antiserum directed against unsubstituted al-*6-polymannose chains (4 Isolation of Sp137 Invertase. Invertase has been isolated from wild-type Sch. pombe cells by taking advantage of its low pl, which causes it to bind to DEAE-Sephadex (Bio-Rad) at pH 4 and low ionic strength (13) . Invertase from Sp137 failed to bind under these conditions, but it did bind at pH 6.5 in 10 mM potassium phosphate, so the procedure was modified accordingly. Twelve 1-liter Sp137 cultures [grown in 3% (wt/vol) glucose and 0.5% yeast extract] were shaken at 30°C for 3 days, by which time the glucose was consumed and invertase production induced. The cells (145 g wet weight) were harvested in a Sharples centrifuge (Alfa-Laval Separations, Warminster, PA), washed with 100 mM sodium acetate, pH 4, and disrupted in a Biospec Bead-Beater [Biospec Products, Bartlesville, OK; 50% cell suspension in the same buffer in a 1:1 (vol/vol) ratio of liquid to 0.5-mm glass beads disrupted 10 times for 2 min each time in an 8-oz, ice-cooled chamber]. The homogenate was centrifuged for 5 min at 5000 rpm to remove the solids and then at 18,000 rpm for 30 min to obtain a clear solution (190 ml) that contained 5010 units of invertase activity. Ammonium sulfate (107 g; 85% of saturation) was added to the solution, which, after standing overnight, was centrifuged at 18,000 rpm to remove the precipitate. The supernatant contained 84% of the invertase activity of the cleared homogenate, and it was dialyzed against three changes of 100 mM sodium acetate, pH 4. The resulting solution (600 ml) was concentrated in dialysis bags with powdered polyethylene glycol (PEG-8000; Sigma) and then dialyzed against 10 mM potassium phosphate, pH 6.5. The resulting solution (200 ml; 184 mg of protein; 3610 units of invertase) was passed through a DEAE-Sephacel column (2.5 x 20 cm) equilibrated in the same buffer, which bound 95% of the activity and 38% of the protein. The column was washed with buffer and then eluted in 5-ml fractions with a linear gradient of 0-0.5 M NaCl in 10 mM potassium phosphate, pH 6.5, and the enzyme appeared in fractions 18-31 at an average conductivity of 4 mmho (1 mmho = 1 S). The combined fractions (70 ml) contained 2502 units of activity and 1.49 mg of protein (specific activity 1670 units/mg of protein). Pure Sch. pombe invertase is reported to have a specific activity of 1590 units of activity per mg of protein (13) . The invertase was dialyzed against distilled water before analysis.
RESULTS AND DISCUSSION
Isolation of Galactose-Deficient Mutants. We expected Sch. pombe mutants that bound poorly to QAE-Sephadex beads to be defective either in addition of phosphate or in synthesis of acceptor sites for the phosphate. After mutagenesis with ethyl methanesulfonate and growth of the culture to allow expression of mutant phenotypes, followed by enrichment for cells that failed to bind to the strongly cationic resin, several complementing strains were recovered that also failed to bind alcian blue dye. Two of these (SpS50 and Spl37) were analyzed in detail (Table 1 ). The simultaneous losses of surface charge and dye-binding ability are consistent with a reduction in the esterified phosphate content of the galactomannoprotein component.
To document this conclusion, other cell surface properties were probed with specific reagents. One strain (Spl37) failed to agglutinate with Bs-lectin, which is specific for terminal a-D-galactopyranosyl units and reacts strongly with wild-type Sch. pombe and Sp331 cells and less strongly with SpS50 cells (Table 1 ). SpS50 and Spl37 cells differed from each other in an important way, however, namely the reaction with antiserum against an unsubstituted al-*6-linked polymannose chain. Spl37 cells were agglutinated by this serum, which suggests that the glycoprotein has an unsubstituted, N-linked outer chain that lacks both mannose and galactose side chains. Conversely, the outer chain of SpS50 glycoproteins must still be highly branched to partly disguise this antigenic determinant. The changes in carbohydrate also appear to affect cell wall organization. Although Sp331 cells are similar in morphology to the wild type, SpS50 and Spl37 cells are smaller and tend toward round and pear shapes.
Effects of Glycosylation Mutations on Secreted Invertase. Nondenaturing gel electrophoresis of Sac. cerevisiae invertase, a mannoprotein with 50% carbohydrate and a subunit molecular mass of about 120 kDa that migrates on nondenaturing gels as a dimer, provides a convenient marker for detecting changes in glycosylation (14) . Since Sch. pombe invertase is also glycosylated (67% carbohydrate; ref. 13 ), we have compared the electropherograms of the enzymes from our mutants and the wild-type strain. Sp69 (wild type) invertase migrated as a broad diffuse band (Fig. 1) that stretched from the top edge to the middle of the gel, whereas invertase from Sp331 is slightly more homogeneous and shows less material in the lower molecular mass range. In contrast, invertases from SpS50 and Spl37 both migrated as compact bands near the leading edge of the band for Sp69 invertase and about half the distance traveled by Sac. cerevisiae mnn9 invertase under similar conditions (15) . Wild-type Sch. pombe invertase is reported to have a subunit molecular mass of 205 kDa and to migrate on gels as a pentamer or hexamer (13) . Therefore, the change in migration rate of the mutant invertases could result from either a reduction in the carbohydrate content or a change in the multimeric stability such that a lower form predominated.
Since Spl37 and SpS50 were obtained by mutagenizing Sp331, which is defective in adding a1->2-linked mannose to the galactomannoprotein (8), they are both double mutants. We have designated the mutant alleles gmnl, gmn2, and gmn3 (Table 1) , and, through genetic manipulation, we were able to isolate gmn3 alone. Surprisingly, this mutant failed to show an active invertase band on gel electrophoresis. Thus, the fast migrating invertase of Spl37 must result from an interaction between gmnl and gmn3.
Properties of Sp137 Invertase. Polyacrylamide gel electrophoresis of the invertase under denaturing conditions revealed a major band at about 100 kDa, along with minor bands at 84 and 200 kDa, when the gel was overloaded and stained with silver (Table 2) . Thus, the Spl37 invertase subunit is about half the size of the wild-type enzyme, a change consistent with a loss of two-thirds of the carbohydrate, since the polypeptide has a mass of 60 kDa (13) . Because Sac. cerevisiae mnn9 invertase migrates on nondenaturing gels mainly as a dimer (11) and has about the same subunit size as the Spl37 invertase, the latter probably forms a higher multimer under these conditions to migrate as slowly as it does (Fig. 1 ). In agreement with this conclusion, after being dialyzed against distilled water, the Spl37 invertase showed a major peak at Mr = 460,000 and a minor peak at Mr = 600,000 by HPLC (Table  2 ). When the invertase was analyzed in 0.1 M sodium phosphate, pH 7, the latter form predominated. We interpret this result to reflect an equilibration between multimers with four and six subunits, respectively (13) . An acid hydrolysate of Spl37 invertase revealed glucosamine, galactose, glucose, and mannose in the ratios 1:0.5:0.5:6, or 2:1:1:12, assuming two GlcNAc residues per oligosaccharide unit. The conditions of acid hydrolysis were found to convert N,N'-diacetylchitobiose quantitatively to free glucosamine and, from published studies (17), were expected to release all of the glucosamine in the glycoprotein. The observed ratio of sugars corresponds to an N-linked core oligosaccharide of nine mannoses, with an attached outer chain of three mannose units. The presence of glucose suggests that the core was incompletely trimmed (7) or that the glycoprotein was glucosylated posttranslationally (16), whereas galactose could be attached to the terminal mannoses in the core (8) . Acetolysis of Spl37 invertase, which selectively cleaves a1->6-linkages (4), yielded mannose (4 mol), along with di-(1 mol) and trisaccharides (1 mol), which confirms the presence of a short, unsubstituted a1->6-polymannose outer chain. (8) . The material was subjected to reductive ,3-elimination to determine the composition of the 0-linked carbohydrate and to endo H digestion to release the N-linked chains, which were characterized according to size and composition.
,3-Elimination of wild-type Sch. pombe galactomannoprotein released mannitol (ManH2) along with reduced di-, triand tetrasaccharides (Table 3 ). The predominant fragment is reduced Gal(a1-2)ManH2, whereas the other four products are formed in lesser but equimolar amounts. The decreased galactose content of Spl37 glycoprotein is reflected in lesser amounts of the disaccharide Gal(al-2)ManH2 and the tetrasaccharide Gal(cal-2)Gal(al-2)Man(al-2)ManH2, with re- tThe tetrasaccharide (Tetra) was characterized previously as Gal(al-2)Gal(al-2)Man(al-2)ManH2 (8).
sultant increases in the mannose-containing fragments. Although SpS50 glycoprotein contains less tetrasaccharide, the Gal(al-2)ManH2 component is unaffected. The mutant Sp331 was shown previously (8) to be defective in synthesis of al-.2-linked mannose units, which leads to a reduced level of 0-linked mannobiose and mannotriose and to relative increases in the galactose-containing fragments.
Changes in Composition of N-Linked Oligosaccharides. Endo H releases asparagine-linked oligosaccharides of two size classes from Sch. pombe glycoproteins (7, 8) that can be separated by gel filtration (Fig. 2) . The first peak to be eluted is an unresolved mixture of large fragments, and this is followed by a broad peak of smaller oligosaccharides with 8-20 hexose units per glucosamine. Since each fragment contains a single glucosamine derived from the linkage to asparagine, the ratios reflect average polymer sizes. For the wild-type strain, the large oligosaccharide represents 87% of the endo Hreleased carbohydrate and has an average size of 77 sugars, which consist of galactose and mannose in a 3:4 ratio (Table  4) . For Sp331, the oligosaccharides are slightly larger and contain more galactose, possibly because some sites in the outer chain that would normally be substituted with mannose residues instead carry galactose residues.
The large oligosaccharide fraction from SpS50 contains less endo H-released carbohydrate (59% of the released carbohydrate) and is smaller in size than that from Sp69, probably The peaks for Sp69, Spl37, and SpS50 (*) are plotted on a 10-fold expanded scale. The exact fraction of the total endo H-released oligosaccharides in peak A for each strain is given in Table 4 . Fig. 2. owing to the reduced galactose content. Finally, the Sp137 galactomannoprotein shows the most dramatic change, both in the increased size of the oligosaccharide, which makes up 94% of the released carbohydrate, and in the very low galactose content. The unbranched al-*6-polymannose outer chain of the Sp137 cell wall glycoproteins accounts for the agglutination by antiserum raised against Sac. cerevisiae mnn2 cells (Table 1) .
Further information about the nature of the large, N-linked oligosaccharide fraction was obtained by partial acetolysis (Table 5 ). All three mutants show notable differences from the wild type and from one another. The small amount of galactose in the Spl37 large oligosaccharide is accounted for by the Gal(al-2)Man produced on acetolysis. Both Sp331 and SpS50 oligosaccharides are deficient in mannobiose. Sp331 shows an increased level of Gal(al-2)Man, whereas Sp550 shows less of this disaccharide, both results being correlated with the changes in galactose content shown in Table 4 .
Nature of the Small N-Linked Oligosaccharide. Sch. pombe synthesizes proteins with small N-linked oligosaccharides that are incompletely trimmed (7, 8) ; that is, only the three glucose units are removed in the endoplasmic reticulum from the precursor Glc3Man9GlcNAc2-to yield a MangGlcNAc2-structure. Moreover, this small core oligosaccharide can be modified by the addition of ac1-2-linked galactose and galactobiose units at three sites in the core and by addition of an al-*6-linked mannose to initiate outer chain synthesis (8) . Fig. 2 shows the Bio-Gel P-4 column profiles for the wild-type and mutant N-linked oligosaccharides, and the elution patterns for the included small oligosaccharides are shown on an expanded scale. For Sp69 and Sp331, HPAEC analysis has revealed 13-15 components, several homologs that lack galactose, and a group with 1-6 galactose units (8) . The most notable change is seen in the Sp137 small oligosaccharide fraction; nearly all of the material is eluted very late from the column. Although three apparent peaks are seen in the pattern, analysis by HPAEC revealed that each contained several components, and the total mixture gave at least 15 peaks (Fig. 3) . Since this separation technique resolves isomers as well as homologs (19) , oligosaccharides of the same size but with different sugar compositions and linkages can lead to multiple peaks.
The gel filtration patterns of the small N-linked oligosaccharides (Fig. 2 ) correlate reasonably well with the average sizes and compositions of the polymers (Table 6 ). The smaller size of Spl37 oligosaccharides is explained by the reduced galactose content, whereas the larger size of the Sp550 oligosaccharides is due to an increased mannose content, reflecting accumulation of intermediates undergoing elongation of the invertase and that on the bulk glycoprotein, which represents mainly the cell wall component. This probably reflects differences in the pathways for processing of glycoproteins made constitutively, as is the cell wall, and those that are induced, such as invertase (20) . Although the mnn9 mutant of Sac. cerevisiae does make all of its glycoproteins with small N-linked oligosaccharides (4), other mutants make invertases with small chains while the bulk glycoproteins have large chains (14) . The yeast Pichia pastoris normally synthesizes only large N-linked carbohydrate chains on its glycoproteins (21) , yet the invertase produced by expression of the Sac. cerevisiae SUC2 gene in this yeast contains oligosaccharides with only 8-11 mannose residues (22) . Further study of the Sch. pombe mutants we have described should lead to a better understanding of the regulation of outer chain synthesis on the N-linked carbohydrate chains of yeast glycoproteins.
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